In this study, we performed U-Pb dating on 1295 zircon grains from 24 samples originating from the North China Craton (NCC); an additional 440 Lu-Hf isotopic analyses were conducted on select zircon grains. The U-Pb ages revealed that the strongest magmatic event in the NCC occurred ca. 2.5 Ga, and a subordinate magmatic event occurred ca. 1.8 Ga. The crustal model ages from Hf isotopic analyses showed that the best estimate for the age of the NCC mantle extraction is ca. 2.8-2.7 Ga, which is consistent with the age of global continental crusts. In recent years, numerous 2.7 Ga rocks have been identified within the NCC. A strong and widespread superimposed tectono-thermal event at ca. 2.5 Ga differentiates the NCC from many other worldwide cratons. However, the timing of the majority of NCC continental crust growth remains highly controversial. In this paper, a quantitative method was used to calculate a continental crust reworking rate. The results revealed that the lowest reworking rate in the NCC occurred at ca. 2.7 Ga and was below 13%. At 2.9 Ga, the reworking rate was 73%, suggesting that a strong intra-crustal magmatic event took place at that time. Combining the reworking rates and Hf isotopic model ages for each period, we concluded that approximately 25% and 23% of the continental crust volume in the NCC was formed at ca. 2.8 Ga and 2.7 Ga, respectively. Approximately 12% of the continental crust volume formed at 2.6 Ga, and only 6% of the continental crust formed at ca. 2.5 Ga. Even with a high reworking rate, 6% of the continental crust formed at 2.9 Ga. Therefore, the main continental crustal growth in the North China Craton occurred at ca. 2.8-2.7 Ga (48% continental crust).
gamation of the Yinshan Block to the north and the Ordos Block to the south Zhai et al., 2005; Wan et al., 2006a; Xia et al., 2006; Guo et al., 2011; Yin et al., 2011) .
According to Nd and Hf isotopic studies, the main continental crustal growth and the strongest mantle extraction of the NCC occurred at ca. 2.8-2.7 Ga Yang, J. et al., 2009; Geng et al., 2011) , and 95% of the present crustal volume of the NCC was generated before ca. 1.0 Ga (Yang, J. et al., 2009) . The strongest magmatic events in the NCC occurred at ca. 2.5 Ga (Zhao et al., 2002; Wilde and Zhao, 2005; Zhai et al., 2005; Wan et al., 2010a , and the subordinate magmatic event occurred at ca. 1.85 Ga (Zhao et al., 2001; Kröner et al., 2005; Wilde and Zhao, 2005; Wan et al., 2006b) . During this time, a large amount of depleted mantle material was added to the continental crust of the NCC Geng et al., 2011; Zhang et al., 2012; Wang et al., 2012; Diwu et al., 2012) .
The primary period of NCC continental crust growth (2.8-2.7 Ga or 2.5 Ga) remains highly controversial. An Nd isotopic study revealed that the best estimate for the age of the NCC mantle extraction is ca. 2.8-2.7 Ga , which is consistent with Hf isotopic results (Xia et al., 2006; Yang, J. et al., 2009; Geng et al., 2011;  
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INTRODUCTION
The North China Craton (NCC) is one of the oldest cratons in the world, with a widespread distribution of Archean to Paleoproterozoic crustal rocks (Liu et al., 1992; Song et al., 1996; Wan et al., 2005 Wan et al., , 2006a Wan et al., , 2008 Wan et al., , 2012 Liu et al., 2014; Zhang et al., 2012) . In the past two decades, considerable progress has been made in understanding its formation and evolution. New progress has resulted in a broad consensus that the NCC can be divided into Eastern and Western Blocks, which are separated by the Trans-North China Orogen (TNCO) (Zhao et al., 2000 (Zhao et al., , 2002 Kusky et al., 2001; Kröner et al., 2005; Wilde and Zhao, 2005) . The Eastern Block has an earlier evolutionary history than the Western Block (Geng et al., 2011) and contains the oldest rocks in China (as old as 3.8 Ga) (Liu et al., 1992; Song et al., 1996; Wan et al., 2005 Wan et al., , 2012 . The Western Block is considered to have formed along the east-west trending Khondalite Belt during the period between 1.90 and 1.95 Ga from the amal- Zhang et al., 2012) based on studies of detrital zircons from modern rivers (Diwu et al., 2012) , igneous zircons from xenoliths , and TTG gneiss terrains (Liu, 2010; Zhang et al., 2012) . However, some authors believe that a large proportion of the volume of the NCC was generated at ca. 2.5 Ga.
To better understand the formation and evolution of the NCC, we performed U-Pb dating on 1295 zircon grains from 24 samples originating from the North China Craton (NCC), and additional 440 Lu-Hf isotopic analyses were performed on select zircon grains. The Lu-Hf isotopic compositions were used to calculate the reworking rate and continental crustal volume relative to the present continental crust of the NCC.
GEOLOGICAL SETTING AND SAMPLES
The NCC is one of the oldest cratons in the world and one of three main cratons in China, with an area of >1500000 km 2 . The oldest rocks in the NCC formed at ca. 3.8 Ga, and the oldest zircon age in the NCC is 3.88 Ga (Liu et al., 1992 (Liu et al., , 2014 Song et al., 1996; Wan et al., 2005 Wan et al., , 2012 . Between 2.7 and 2.8 Ga, the NCC received a large volume of depleted mantle components, resulting in rapid expansion of the NCC continental crustal volume Xia et al., 2006; Yang, J. et al., 2009; Geng et al., 2011) . Whether the magma at ca. 2.5 Ga originated from depleted mantle or from recycled older crust is highly controversial (Zhao et al., 2002; Zhai et al., 2005; Yang, J. et al., 2009; Wan et al., 2010b Wan et al., , 2012 Wang et al., 2012; Zhang et al., 2012) .
In this study, 24 NCC samples were predominately collected from the Eastern Block and the TNCO (Fig. 1) , and the rock ages ranged from Archean to Paleoproterozoic. Integrated sample information is shown in Table 1 . sample, 1000 zircon grains were selected, of which 250 zircon grains were mounted on epoxy resin discs. The mounts were polished until all zircon grains were cut in half. All grains were then photographed using transmitted light, reflected light, and cathodoluminescence (CL) to identify preferred spots for LA-MC-ICP-MS (laser ablation-multi-cup-inductively coupled plasma-mass spectrometry) analysis.
METHODS

Zircons
U-Pb dating
Zircon grains were dated using an excimer (213 nm wave length) LA-ICP-MS at the Institute of Mineral Resources associated with the China Academy of Geological Sciences. The GeoLas 2005 laser-ablation system (Lambda Physik, Göttingen, Germany) was used for laser ablation experiments. Helium was used as the carrier gas to provide efficient aerosol transport to the ICP and to minimize aerosol deposition around the ablation spot and within the transport tube. The spot size, laser frequency, and energy density were 30 µm, 10 Hz, and 2.5 J/cm 2 , respectively. The laser ablation sampling used single point ablation with GJ-1 as an external standard for U-Pb dating and M127 as the external standard for U and Th concentrations. To observe instrument state and reproducibility, two GJ-1 analyses and one Plesovice analysis were repeated as standards between every 10 zircon analyses. The isotopic ratios were calculated using the ICPMSDataCal software , and the ages were calculated using ISOPLOT 3.0 (Ludwing, 2003) . Our measurements of GJ-1 as an unknown sample yielded a weighted mean 206 Pb/ 238 U age of 600.3 ± 4.5 Ma, which is in good agreement with the apparent ID-TIMS 206 Pb/ 238 U ages of 598.5-602.7 Ma (Jackson et al., 2004) . The measurements of Plesovice yielded a weighted mean 206 Pb/ 238 U age of 336.4 ± 2.2 Ma, which is also consistent with the apparent ID-TIMS 206 Pb/ 238 U age of 337.13 ± 0.37 Ma (Sláma et al., 2008) .
Lu-Hf isotopes
The Lu-Hf isotope analyses were completed on a Nu Plasma HR MC-ICP-MS coupled to a GeoLas 2005 excimer ArF laser ablation system hosted at the Institute of Mineral Resources associated with the China Academy of Geological Sciences. The energy density was 20 J/cm 2 with a spot size of 55 µm, and Helium was used as the carrier gas. The international standard zircon GJ-1 was used as the reference material. The Hf isotopes were measured on the same spots or the same age domains, with the concordant age determinations of grains, as guided by CL images. Analytical details for Lu-Hf isotopic analysis of zircons were previously reported by Hou and Yuan (2010) and Wu et al. (2007 Wu et al. (2007) and Hou and Yuan (2010) . Zircon GJ-1 was used as the reference standard, and a weighted mean 176 Hf/ 177 Hf ratio of 0.282003 ± 0.00006 (2σ, n = 15) was calculated from our analyses, which is indistinguishable from the weighted mean 176 Hf/ 177 Hf ratio of 0.282013 ± 19 (2σ) calculated from in situ analyses (Elhlou et al., 2006 (Griffin et al., 2000) , and 176 Lu/ 177 Hf represented the continental crust (0.015) (Blichert-Toft and Albarède 1997; Griffin et al., 2000; Geng et al., 2011; Diwu et al., 2012) .
RESULTS
All data and U-Pb Concordia diagrams are included in the supplementary materials. From all 1295 zircon UPb analyses, 1094 analyses yielded concordant ages with concordance ranging from 90% to 110%. We used 207 Pb/ 206 Pb ages for zircons of ≥1000 Ma, and we conducted 440 Lu-Hf isotopic analyses on the concordant spots or similar domains to concordant areas, as guided by CL images. Additionally, we combined our data with other published data (1137 U-Pb ages and Lu-Hf isotopic data from igneous rocks; 1120 U-Pb ages and Lu-Hf isotopic data from detrital zircons) Yang, D. B. et al., 2009; Chen et al., 2006; Han et al., 2007; Guo et al., 2008; Luo et al., 2008; Dong et al., 2009; Huang et al., 2010; Jiang et al., 2010; Liu, 2010; Geng et al., 2011; Bao et al., 2013b) for discussion of the formation and evolution of the NCC. As shown in Fig. 2 , ε Hf (t) values exhibited a wide range from negative to positive. The lowest ε Hf (t) value reached -30 and the highest ε Hf (t) value approached the depleted mantle line. The oldest T DM2 age reached 4.56 Ga, and the youngest T DM2 age was <2.1 Ga. Between 3.8 and 2.9 Ga, the ε Hf (t) values fluctuated while decreasing overall, and average ε Hf (t) values were mostly below zero, indicating that continental crustal recycling increased gradually from 3.8 to 2.9 Ga. At 2.9 Ga, the average ε Hf (t) value fell to -7, which was the lowest observed value. From 2.9 to 2.7 Ga, the average ε Hf (t) value increased significantly from -7 to +5, indicating that a large number of depleted mantle components were Chen et al., 2006; Dong et al., 2009; Geng et al., 2011; Guo et al., 2008; Han et al., 2007; Huang et al., 2010; Jiang et al., 2010; Liu F, 2010; Luo et al., 2008; Yang et al., 2005; and Yang, J. et al., 2009 . Data from detrital zircons were compiled from Dong et al., 2009; Geng et al., 2011; Luo et al., 2008; Yang, D. B. et al., 2009; and Bao et al., 2013b . Y i n s h a n T e r r a n e O r d o s T e r r a n e EASTERN BLOCK N a n g r i m I m i n g a n g Q i l i a n s h a n O r o g e n 
Fig. 1. Geological map of the North China Craton (modified after Zhang et al., 2012).
added to the crust during this time. From 2.7 to 1.6 Ga, the average ε Hf (t) value showed a steady decline, which indicates that juvenile crustal components from the depleted mantle diminished and recycled crustal components began to play an increasingly important role in the evolution of the NCC. Wu et al. (2005) utilized Nd isotopic compositions of Precambrian basement rocks from the NCC to study crustal growth. Their data revealed Nd crust model ages in the range between 3.0 and 2.6 Ga for all three subunits of the NCC, suggesting that the best estimate for the mantle extraction age of the NCC is ca. 2.8-2.7 Ga . Yang, J. et al. (2009) obtained a U-Pb age and Lu-Hf isotopic data from 479 concordant detrital zircons from modern rivers within the NCC to study crustal growth. Their results suggest that NCC continental crustal growth was fastest at ca. 2.7 Ga and that crustal growth was episodic rather than continuous. Geng et al. (2011) collected a large quantity of U-Pb age data in order to examine the evolution of the NCC. They suggested that the continental crust formed at 2.5 Ga and is composed of recycled older crust. However, Liu (2010) studied TTG gneiss from the central section of the NCC and suggested that 2.5 Ga was mainly a period of continental crust growth. Diwu et al. (2012) dated detrital zircons from modern rivers within the TNCO and proposed that the magmatic events at ca. 2.5 Ga were not from the recycling of older crustal components. Wang et al. (2012) dated zircons from xenoliths and demonstrated that a large amount of magma material was derived from the depleted mantle. Zhang et al. (2012) systematically collected rock samples from the Songshan area and determined Lu-Hf isotopic composition, and they also suggested that a large amount of magma material originated from the depleted mantle. To quantify continental crustal growth of the NCC, Bao et al. (2013b) tested 195 detrital zircons from the Laoha River, which solely drains the NCC, and indicated that the reworking rate was approximately 25% at 2.5 Ga and that the 2.5 Ga magmatic rocks mainly originated from the depleted mantle. Iizuka et al. (2010) attempted to quantify the reworking index by using detrital zircons from modern rivers and made a significant advancement. Following this advancement, quantification was used to investigate the evolution of the continental crust (Dhuime et al., 2012; Bao et al., 2013a Bao et al., , 2013b . In this paper, we utilized this method, and the relevant formulas are as follows: The initial Hf isotope ratio of the granitoid crust formed during the nth event at time t n was calculated using formula (1), where GC, RC, DM, and α represent the granitoid crust, reworked crustal component, depleted mantle, and the reworking rate, respectively. The Hf isotopic ratio of the reworked crust formed during the nth event at time t n was calculated from formula (2), which considers granitoid and mafic rocks. In formula (2), x represents the ratio of 176 Hf/ 177 Hf between granitoid and mafic rocks, which was calculated using formula (3). C granitoid Hf and C mafic Hf represent the concentrations of Hf in the granitoid and mafic rocks, respectively. The Hf contents of average Precambrian granitoid crust (9.0 ppm, Vervoort and Patchett, 1996) and mafic lower crust (1.9 ppm, Rudnick and Fountain, 1995) were used for C granitoid Hf and C mafic Hf . m granitoid and m mafic are the mass of the granitoid and mafic rocks, where a i is the contribution of the pre-existing crust formed in the ith event to the reworked crustal component, which is from the percentage of T DM2 . In this paper, 4:1, 2:1, 1:1, 1:2, and 1:4 were used for the ratio of m mafic /m granitoid . λ Lu was set equal to 1.867 × 10 -11 a -1 (Söderlund et al., 2003) , and the values 0.015, 0.022, and 0.0384 (Griffin et al., 2000) (Griffin et al., 2000) represents the ratio of 176 Hf/ 177 Hf in average continental crust and depleted mantle. As there is no evidence for reworking of crust older than 4.6 Ga, our calculations started at 4600 Ma (i.e., t 0 = 4600 Ma). We assumed that crust formation events took place with a regu- . D) The continental crustal volume. The gray dotted line and cyan dotted line are the continental crustal volume of global lithosphere (Belousova et al., 2010) and global integrated crust (Belousova et al., 2010) , respectively; the blue dotted line, red dotted line, green dotted line, and blue solid line are the NCC (Xia et al., 2006; Liu and Li, 2007; Zhang et al., 2007; Yang, J. et al., 2009; Sun et al., 2010; Geng et al., 2011; Yin et al., 2011) . The red solid curve is the continental crustal volume of the North China Craton at each period. lar time interval of 100 Ma, and we, therefore, used a time window with ±100 Ma. There is limited data available on detrital zircons with U-Pb ages from 3.1 Ga to 3.8 Ga. In addition, the reworking rates calculated from detrital zircons at 3.1 Ga, 3.2 Ga, 3.3 Ga, 3.7 Ga, and 3.8 Ga are different from those calculated from igneous zircons (Fig. 3) . Therefore, we used reworking rates calculated from igneous rocks during these periods. In contrast, there is less U-Pb data available for magmatic zircons from igneous rocks at 1.8 Ga, 1.9 Ga, and 2.0 Ga than for detrital zircons. Thus, we used U-Pb data for detrital zircons during these periods. From 2.4 to 1.6 Ga, the reworking rate began to drop, indicating that juvenile crustal components began to play an important role in continental crust generation. Secular changes in the reworking index, which were made to reconcile the ε Hf (t) trend, show that the lowest reworking rate of <13% occurred 2.7 Ga. In other words, new crust generated 2.7 Ga was mainly derived from depleted mantle, and, thus, reworked crustal components were rare. At ca. 2.5 Ga, the reworking rate of the NCC was just ca. 20%, indicating that a juvenile crustal component played an important role in continental crustal growth. Unlike global continental crust evolution, the NCC had a series of mantle extraction events between 2.7 and 2.8 Ga, but perfectly preserved specimens of this age are rare compared with geological bodies of ca. 2.5 Ga.
DISCUSSION
Fig. 4. Continental crust formation and evolution of the NCC as a function of time. A) U-Pb ages and Hf model age distributions of detrital zircons from the North China Craton. B) U-Pb ages and Hf model age distributions of igneous rocks from the North China Craton. C) Nd model ages distribution of igneous rocks of the North China Craton
However, rocks from 2.5 Ga are widely distributed throughout the NCC due to the low reworking rate of this period. Therefore, continental crust that was generated ca. 2.5 Ga may account for a high proportion of NCC continental crust. At 2.9 Ga and 3.5 Ga, the reworking rate rose rapidly to 73% and 89%, respectively, as a result of intense intra-crustal magmatic events. From 3.4 to 3.0 Ga and from 3.8 to 3.6 Ga, the reworking rates were approximately 50%, suggesting that juvenile and recycled crustal components played equal roles in continental crust generation. Moreover, the oldest rocks (3.8 Ga) in the NCC exhibit the footprint of recycled crustal components according to the reworking rates, implying that NCC continental crust may have been formed >3.8 Ga.
The U-Pb ages and Hf model ages of igneous and detrital zircons from the NCC show similar distribution patterns (Figs. 4A and 4B) . The whole-rock Nd model age distribution (Fig. 4C) is consistent with the zircon Hf model age distribution. Therefore, we combined the magmatic and detrital zircon data into a single plot (Fig. 4D) . Of the present NCC crustal volume, 95% was generated prior to 1.6 Ga (Fig. 4D) , indicating a higher growth rate than global continental crust. The obvious difference between global and NCC continental crust is that the growth of global continental crust is continuous (Belousova et al., 2010) , whereas the growth of NCC continental crust is episodic (Yang, J. et al., 2009; Geng et al., 2011) .
In addition to the reworking rates and Hf isotopic model ages, we also attempted to quantify continental crustal volume for each time (Fig. 4D) . Results suggested that only 6% of the present crustal volume of the NCC was generated 2.5 Ga, whereas 25%, 23%, and 12% of present NCC crustal volume was formed 2.8 Ga, 2.7 Ga, and 2.6 Ga, respectively. Together, these results indicate that the strongest period of NCC mantle extraction occurred ca. 2.8-2.7 Ga, not 2.5 Ga. However, the continental crust displayed remarkable generation 2.5 Ga.
CONCLUSIONS
1) In the NCC, the strongest magmatic events occurred at ca. 2.5 Ga, and the subordinate magmatic events took place at ca. 1.8 Ga. However, the peak of Hf and Nd isotope model ages was ca. 2.8-2.7 Ga.
2) The continental crust of the NCC was mainly composed of juvenile crustal components from the Mesoarchean to the Neoarchean. From the Neoarchean to the Proterozoic, pre-existing crust was recycled, and juvenile crustal addition decreased. During the Paleoarchean, the juvenile and recycled crustal components played equal roles in continental crust generation.
3) The reworking rates at ca. 2.7 Ga and ca. 2.5 Ga were lower than 13% and 20%, respectively. These values indicate that the reworking rate of pre-existing crustal components was only 13% at 2.7 Ga and 20% at 2.5 Ga. Combining the reworking rate with the Hf model ages suggests only 6% of the present crustal volume of the NCC was generated 2.5 Ga, whereas 25%, 23%, and 12% of the present crustal volume was formed 2.8 Ga, 2.7 Ga, and 2.6 Ga, respectively. Therefore, the majority of continental crust of the NCC formed at ca. 2.8-2.7 Ga or 2.8-2.6 Ga.
